The aim of this study was to investigate the possible reinforcement of Nanodiamonds (ND) in a PMMA resin for fixed interim restorations. The fracture toughness (KIc), impact strength and the dynamic thermomechanical properties (Tg, E´, E´´, tan) of a series of PMMA-ND nanocomposites with different amounts of ND were evaluated. The fracture toughness increased as the ND percentage increased up to 0.38% wt but a greater amount of ND induced a decrease in KIc. Impact strength and Young's modulus were also increased by increasing nanoparticles content, indicating the reinforcing effect of ND. Dynamic mechanical properties were also affected. By increasing the ND content an increase of storage modulus was recorded, while glass transition was shifted at higher temperatures. Under the limitations of this study, it can be suggested that reinforcing PMMA with ND nanoparticles -especially at low concentrations-may increase the overall performance of fixed interim prostheses.
INTRODUCTION
Interim restorations are essential in fixed prosthodontics as they provide temporary protection of teeth prepared for fixed prostheses. Although the final prosthesis is usually placed after a short time, usually two weeks, in several instances factors related to patients or to laboratory procedures may contribute to significant prolongation. Furthermore, in complex prosthodontic treatments interim restorations have to remain in place for months for either diagnostic or therapeutic purposes 1) . In all these cases interim restorations have to retain structural and functional performance and integrity in order to meet patients' needs and dentists' expectations.
Autopolymerized polymethyl methacrylate (PMMA) resins have been widely used in the fabrication of interim fixed restorations. They should attain adequate strength in order to withstand occlusal forces. Furthermore, the resistance of these materials to crack initiation and propagation is important considering the time related performance of the restorations. However, in many patients, occlusal forces cause stresses especially in the marginal area of connectors that may exceed the elastic limit of the materials leading to deformation or fracture and eventually to failure [2] [3] [4] . Reinforcement of provisional resins has been attempted through various materials such as metal wires, fibers (glass, aramid and carbon graphite fibers) and various oxides (aluminum, zirconium, titanium and magnesium oxides) [5] [6] [7] [8] [9] [10] . The chemical bond between the reinforcing agent and the polymer matrix has to be strong enough to withstand and transmit occlusal forces from the weaker polymer to the stronger reinforcing agent. Furthermore, the uniform dispersion and impregnation of the reinforcing agent in the matrix prevents the development of areas that can act as stress concentrators and may impair the mechanical properties of the resins 11) . Nanodiamonds (ND), also known as ultrafinedispersed diamonds (UDDs) or detonation nanodiamonds, are becoming one of the most widely studied nanomaterials due to their unique properties such as hardness, thermal conductivity, dopability or optical transparency over a wide spectral range [12] [13] [14] . ND powder can be produced by a detonation synthesis in large volumes and is a carbon nanomaterial for a broad range of potential applications, including composites [13] [14] [15] [16] . As produced powder consists of disordered graphite (67% wt) and diamond (33% wt) and presents a mean diameter of 1-5 nm, a specific surface of 300−590 m 2 /g and a specific gravity of 1.86 g/cm 3, [16] [17] [18] . Although the physical and chemical properties of ND are highly affected by a series of parameters that differ among the manufacturers such as the explosive mixture, the coolant media and most importantly, the consequent purification of the detonation soot, all ND particles present numerous oxygen-containing hydrophilic chemical groups that make them attractive for various biomedical applications 19, 20) . Considering that the application of nanoparticles as fillers in polymeric matrices has shown encouraging results in the strengthening of the materials 11, 21) it could be expected that the incorporation of ND nanoparticles into dental polymeric materials
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could have an enhancing effect on the mechanical properties of the resulting nanocomposites. Although the efficiency of using ND in polymeric materials has been suggested [22] [23] [24] [25] some controversial findings however have been reported in literature and were attributed mainly to the interactions between the nanoparticles themselves, which tended to form agglomerates which acted as points of stress concentration 13, 26, 27) . The aim of this work was to study the reinforcement effect of ND in an autopolymerizing PMMA resin used for the fabrication of interim fixed restorations. The major null hypothesis was that fracture toughness (F.T.) and impact strength (I.S.) of PMMA-ND composite specimens of various weight ratios would have no statistically significant different mean values compared to control PMMA.
MATERIALS AND METHODS

Materials
An autopolymerized PMMA acrylic resin for interim restorations (Jet, Lang Dental Mfg, Co., Inc., Chicago, Ill, USA) was used in all experiments. ND synthesis was described in US Patent 5.353.708 17) .The as-produced nanodiamonds had average particle size of 4−6 nm and a specific surface area of about 400 m 2 /g. However, after the nanodiamond purification, the particles obtained formed clusters with a size of 20−60 nm.
Fracture toughness (Three-point bending test) and impact strength (Izod impact test)
The single-edge notched method was used to evaluate fracture toughness. 20 specimens for each group were fabricated according to the British Standard BS EN ISO 12737:2005 28) . Standardized rectangular specimens 3×6
×25 mm with a pre-crack (notch) perpendicular to the specimen length with a depth of 3 mm were fabricated in a custom-made articulating stainless steel mold consisting of three parts ( Fig. 1(a) ) and loaded for flexural strength test ( Fig. 1(b) ). Nano-composite specimens were fabricated by mixing the resin powder with a solution of monomer in which the ND nanoparticles were dispersed by excessive stirring at 800rpm for 10 minutes under sonication. The ND powder was pre-weighted in order to get 0.10%, 0.38%, 0.50%, and 0.83% wt. ND content in relation to PMMA powder. Consequently, the tested groups were PMMA-ND composites (PMMA-ND 0.10%, PMMA-ND 0.38%, PMMA-ND 0.50% and PMMA-ND 0.83%) while pure PMMA resin specimens served as controls (control-PMMA). For all specimens the optimum powder-liquid ratio was set to 2.5 g/1.5 mL according to the literature 29, 30) . This powder liquid ratio provided adequate working time and had a flowable consistency that facilitated the insertion of the mixtures into the mold avoiding air entrapment. Each mixture was hand mixed for 30 seconds and immediately transferred to an applicator syringe for placement into the assembled mold which was sprayed with a thin film of lubricant (Slide, FarenIndustrie chimiche spA, Milano, Italy). The mold was slightly overfilled and the surface covered with a plastic matrix strip (KerrHawe Striproll Art No 686, KerrHawe SA, Bioggio, Switzerland) and a thick glass plate. After 30 seconds hand pressure on the glass plate, the specimens were left to polymerize for 7 minutes in an incubator at 37°C. After that, the mold was disassembled and the resin specimen was removed. Optical inspection was performed in order to discard specimens with voids and bubbles. Consequently, 15 appropriate specimens from the control, the PMMA-ND 0.10% and the PMMA-ND 0.38% group and 18 from the PMMA-ND 0.50% and the PMMA-ND 0.83% group were included in the experiments. The specimens were stored in distilled water at 37°C for 24 h and were loaded for the 3-point bending test with a crosshead speed of 1 mm/min until fracture using a universal testing machine (Instron 3344, Instron Corp., Canton, Mass., USA). Peak load to fracture, and specimen deflection (recorded as load/ deflection curves) were recorded, and fracture toughness (KIc), was measured in MPa•m 1, 2, 28) . For the impact strength test, 8 specimens for each group were prepared according to ASTM D256 31) , following the same procedure for the fabrication of the composites as reported before, in rectangular metallic molds of 64×13×3 mm dimensions, with a vertical notch in the middle of their length of 2.5 mm height ( Figure  1(c) ) and Izod impact tests were performed using an impact loading apparatus (Tinius Olsen, Inc., Horsham, USA). Impact strength was calculated in J/m.
Dynamic thermomechanical analysis (DMA)
The dynamic thermomechanical properties of the nanocomposites were measured with a dynamic mechanical analyzer (Perkin Elmer Instruments, Waltham Massachusetts, USA). Testing was performed on rectangular bars (30×10×3 mm) whose exact dimensions were measured prior to testing. The bending method was used at a frequency of 1 Hz, heating rate 3°C/min, strain level of 0.04% and temperature range 25 to 200°C. Storage modulus (E´), loss modulus (E´´), and tangent delta (tan) were plotted against temperature.
Scanning electron microscopy (SEM)
In order to observe the fractured surfaces, one randomly selected specimen from the groups PMMA-ND 0.10%, 0.38% and 0.83% was mounted on aluminium stubs, stabilized with silver paint and carbon-coated. Observations were performed and photomicrographs were taken from the fractured area with a scanning electron microscope (J.S.M. 840A, JEOL, Tokyo, Japan).
Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) observations (120 CX, JEOL, Tokyo, Japan) were performed on ultra thin film samples of the various nanocomposites, prepared by an ultra-microtome. These thin films were deposited on copper grids.
Statistical methods
Pilot studies with 4 specimens from each group and each variable (F.T. and I.S.) were conducted and power analysis was performed with G*Power 3.0.10 statistical power analysis software 32) . The power analysis was based on the overall hypothesis concerning the equality between the mean values of the five groups which would be tested by One Way Anova, with =0.05 and power γ=0.8. The optimal sample size for F.T. was n=6 and n=8 for I.S. for each group. The assumption of normality for each group was tested by Shappiro-Wilk test. The assumption of homogeneity of variances concerning the between subjects factor was done by Levene's test of equality of error variances. The overall hypothesis concerning differences among the test groups' mean values of fracture toughness and impact strength was tested by One Way Anova, while multiple pair-wise comparisons were made with Bonferroni post hoc tests (statistical significance was set at p<0.05).
RESULTS
Fracture toughness (Three-point bending test) and impact strength (Izod impact test)
In the force-extension graphs presented in Figure 2 (a) an abrupt and linear inclination of the line after reaching the maximum force is apparent and indicates the extension at which the fracture took place. All stressstrain curves show a linear increase until break. Mean values of fracture toughness (KIc) are presented in Fig.  2(b) . There was an increase of KIc as the ND percentage increased up to 0.38% wt, although the increase was statistically significant only for the PMMA-ND 0.10% composite specimens compared to the control group. Higher ND amount seems to induce a decrease in KIc mean values, in relation to control PMMA specimens. One Way Anova of KIc revealed statistical significant differences (p<0.001) between control PMMA and PMMA-ND composite specimens (Table 1) . Bonferroni multiple comparisons tests revealed that the increase in KIc was statistically significant for the PMMA-ND 0.10% composite compared to both control PMMA and PMMA-ND composites with 0.50% and 0.83% ND powder (Table 2) . From stress-strain curves Young's Modulus was calculated and plotted against ND content in Figure  2 (c). As can be seen, increasing the content of ND in the PMMA-ND nanocomposites, the Young's Modulus increases linearly.
Control PMMA resin presented the lowest impact strength, while the highest impact strength values were recorded for the PMMA-ND 0.10% composite, following by the PMMA-ND 0.83% composite, as shown in Figure  3 . One Way Anova analysis of impact strength revealed statistical significant differences between groups (Table  3 ). In particular, PMMA-ND 0.10% composites presented statistically significant higher strength compared to control PMMA resin (p=0.013), which also presented statistically significant lower strength compared to the PMMA-ND 0.83% composites (p=0.025) ( Table 4) .
DMA
Storage modulus (E´), loss modulus (E´´) and tan of control PMMA and all the PMMA-ND nanocomposite specimens are presented in Figure 4 . All tested specimens sharply dropped their elastic modulus when the temperature was raised from 20 to 140°C. DMA analysis showed that E´ increased with ND content, indicating that the materials became stiffer due to the reinforcement effect of nanodiamonds (Figure 4(a) ). When the temperature was raised, the loss modulus E´´ of all the materials tested increased until it reached its maximum in the glass transition region (Figure 4(b) ). Thereafter, it continuously decreased as the temperature rose. Tan is also recorded in the form of a peak the maximum of which is attributed to the glass transition temperature (Tg) of the resin. Control PMMA presented Tg at 96°C, while the Tg of nanocomposites increased significantly (mean difference from control 19−21°C) as presented in Figure 4 (c). Furthermore, this increase is directly depended from the nanodiamonds content.
SEM
The fracture started at the highest portion of the notch and propagated towards the point of the applied load. Most specimens did not separate totally after break detection, however almost all of the specimens of the PMMA-ND 0.83% group were split in two parts during the 3-point bending test. In the SEM microphotographs in Figures 5 (a) , (c) and (e), the presence of voids due to air entrapment during mixing and mold filling can be observed in all specimens (control PMMA and PMMA-ND composite specimens). An area of 500 µm to 1 mm with flake-like morphology is observed close to the fractured area in all specimens. A sharp crack surface with no noticeable plastic deformation is observed for the PMMA In figure 5b . A multi-stepped fracture pattern with characteristic striations parallel to the local crack propagation direction, propagating deep inside the matrix of the specimens of the PMMA-ND 0.38% is clearly seen in the respective microphotographs ( Figures  5 (c) and (d) ). Many major and even more minor cracks are present on the fractured area of the PMMA-ND 0.83% group (Figure 5(e), (f) ).
TEM
A uniform distribution of ND particles is observed (Figure 6(a) ) while a few ND particles are in contact with each other to form aggregates (black arrows). In some areas the aggregates have coalesced to form larger agglomerates (white arrows). At higher magnifications (Figure 6(b) ), a characteristic mosaic structure is observed, where primary polyhedral ND particles of 4-5 nm seem to be loosely interconnected inside the agglomerates (Figure 6(c) ).
DISCUSSION
The fracture toughness under load is an important Fig. 2 (a Table 3 One way analysis of variance of impact load strength Table 4 Bonferroni post hoc multiple comparisons tests of impact load strength mechanical property of dental polymers as it provides information concerning crack propagation. Fracture toughness is described by the critical stress intensity factor KIc, which indicates the critical stress limit at the mechanical failure (crack propagation) of the specimen 33) . The impact resistance represents the total energy absorbed by a material before it fractures, when struck by a sudden blow from an impact instrument with a weighted pendulum 34) . In clinical practice interim restorations often fail suddenly especially after heavy biting on a hard piece of food, most probably due to the propagation of a pre-existing crack. Thus it is important for any material for that type of restorations to attain high values of both fracture toughness and impact strength, especially if a long-term clinical performance is anticipated.
Various procedures for reinforcing PMMA resins have been suggested [5] [6] [7] [8] [9] [10] but, some have demonstrated limited success 10, 35) . In the present study increase of the fracture toughness was recorded only in the lower concentrations of ND nano-particles (0.10 and 0.38 wt%), although it was statistically significant only for the PMMA-ND 0.10% group. Due to their surface functional groups, the individual ND particles structurally selforganize into aggregates of 20−30 nm size, which in turn form larger agglomerates ranging from hundreds of nanometers to micrometer sizes that are kept together through weak hydrogen bonds which are very difficult to break down during nanocomposites formation. A compromise of the mechanical properties of ND-polymer composites has been attributed to the poor dispersion due to agglomeration/reagglomeration of the nanodiamonds within the polymer matrix 16, 36) . As shown by TEM a good dispersion of ND particles has been achieved in the PMMA-ND 0.1% composites, although the simultaneous existence of small areas of aggregated particles was evidenced. The relative homogenous dispersion of the particles can explain the increase of the fracture toughness and the impact strength of the respective composites. Higher concentrations of ND lead to agglomeration 37) , so by using lower ND additions, a combination of a good dispersion with a probable moderate to enhanced improvement of the mechanical properties can be achieved.
To gain more insight into the toughening mechanism, the fractured surfaces of PMMA-ND composites with different ND contents were examined by SEM. As shown in Fig. 5(a) the crack surface in PMMA is sharp with no noticeable plastic deformation. When nanodiamonds are added, the micrographs changed slightly as shown in Figs. 5(d) and 5(f). In the crack propagation zone of nanocomposites, regular striations associated with highly plastically deformed fibers of PMMA matrix are seen parallel to the direction of crack propagation (Fig.  5(c) ), indicating that the matrix undergoes higher plastic deformation 38) . It seems that the addition of ND results in more energy dissipation, thus improving the toughness. Since ND are fine dispersed in PMMA matrix, they act as effective stiffeners. This could be attributed to the increased interface interaction between PMMA and ND, since they have a lot of reactive groups (-NH2, -OH, etc.) which could form hydrogen bonds with carbonyl groups of PMMA 39, 40) . Thus it can be said that the propagation crack proceeds along this interface. However, this fracture toughness is not continuous and as can be seen from Figure 2 (b), at higher nanodiamonds content than 0.50% wt the fracture toughness decreases. As can be seen from Figure 5 (d) the fracture surface at the nanocomposite containing 0.83% wt ND is similar to that of neat PMMA. The results for impact strength were slightly different. As can be seen from Figure 3 significant increase of impact strength was recorded for all PMMA-ND composites compared to control, which means that the composites became able to withstand better a sudden and high load, for example during biting on a very hard material. Surprisingly, the increase in impact strength did not correlate well with the decrease in fracture toughness for PMMA-ND 0.50% and PMMA-ND 0.83% composites. A decrease in impact strength for these samples instead of an increase would be expected. This difference can be associated with internal cross-linking parameters that lead to the strengthening of the materials to impact load tests that are carried out at a very high speed 41) . However a distinct straight correlation between the results of these techniques should not be performed because of the differences in (a) the notch acuity of the KIc and I.S. specimens and the loading rates in the tests 42) . This further impact strength increase for nanocomposites containing higher than 0.38% ND should be clearly attributed to the existence of nanodiamonds. In many polymers it was reported that nanoparticles can lead to toughening improvement due to the percolation effect and the critical interparticle distance of nanoparticles 43) . According to Wu 44) , this distance is close to the sum of diameters of two particles and when there is a sufficient interpenetration of the plastic zones formed around the particles, propagation of the microcrackings in the matrix does not occur but instead is drastically inhibited. This may result in a substantial increase in impact strength at higher nanodiamonds loading. Furthermore, an additional explanation for this impact toughening is that the agglomerates formed into higher ND content were broken down into smaller sizes as a result of energy absorption. Kim et al. 45) proposed such a mechanism comprising a multiple debonding process for silica aggregates in polyethylene/SiO2 nanocomposites. In this mechanism, stress concentration takes place in aggregates comprised of the soft particles during the deformation process. Because of the small interparticle distance, the shear flow process and fibrillation are activated inside the agglomerates, and the matrix between the aggregates deforms plastically, increasing toughness. Increasing the ND amount, the formed agglomerates are also increased, which can cause a further enhancement of impact toughening.
Control PMMA and PMMA-ND composites presented similar curves under stress intensity ( Figure  2(a) ). All stress-strain curves showed a linear increase until break in accordance with the theory of linear elastic fracture mechanics 46) for brittle fracture, indicating the brittle nature of the fracture mode. In brittle fracture the material fails without plastic deformation as a result of the very rapid propagation of unstable cracks. Once these unstable cracks are initiated, they will continue to propagate spontaneously without an increase in the applied stress. This finding is further verified by the SEM observations where the brittle fracture is characterized by a disorganized surface with multistepped morphology. Similar polymer fracture characteristics have been addressed in other studies too, suggesting that polymers exhibit primarily brittle fractures 47, 48) . However, despite their brittle nature, all nanocomposites presented very high Young's Modulus (Fig. 2(c) ). As can be seen, neat PMMA has a value of 1,184 MPa while increasing the content of ND Young's Modulus increases progressively and reaches its highest value (2,084 MPa) at ND content 0.83% wt. This is an indication that nanocomposites are stiffer than neat PMMA due to the existence of ND. It is remarkable that very small amounts of ND are sufficient to gain a very high increase of Young's Modulus. This is due to the rigidity of ND as neat materials since in most cases nanoparticles have Young's Modulus higher than 1 TPa.
In vitro static load tests differ from the dynamic intraoral conditions. The masticatory system performs complex rhythmic movements with mean chewing frequency of ~1 Hz [49] [50] [51] . Consequently, dynamic tests such as dynamic mechanical analysis (DMA) are particularly well suited for visco-elastic materials, since they can determine both the elastic and viscous responses of a sample in one experiment with frequency of ~1 Hz 52, 53) . The storage modulus (E´) is equivalent to Young's modulus of elasticity, which is an indication of the material stiffness or rigidity. It is also a measure of the amount of energy returned to the system elastically after a strain is imparted. The loss modulus (E´´ ) is an indication of energy absorbed/lost by the materials which is not returned elastically 54) . Instead, this energy is used to increase segmental molecular vibration or to translate chain positions. The dynamic modulus of a composite depends on many factors such as the filler fraction and distribution, the nature of the matrix, and the fillermatrix interactions 54) . In the present study the E´ around 37°C increased almost linearly with the ND content in the composites, indicating an additional elastic response compared to control PMMA, which is in agreement with Young's Modulus increase. An elastic behavior is to a certain extent desirable as the elastically deformed material will absorb a greater amount of energy before its fracture or the transmission of the occlusal forces to the underlying dentine. From Figure 4 (a) it can be seen that even at temperatures 60−70°C storage modulus of nanocomposites is higher than the corresponding of neat PMMA. This improvement is very important for the materials used for interim restorations and ND seem to improve the performance of PMMA resin.
One additional positive effect from nanodiamonds application in PMMA is the glass transition temperature increase. Tg can be expressed as the primary peak in transition events observed in analyzing DMA plots by loss modulus values, by changes in the phase angle between the storage modulus and the loss modulus, or by the tan delta values 55, 56) . The value of Tg can have great influence on the dimensional stability and internal stresses developed during the performance of the material at high temperatures 57) . A high value of loss tangent is more effective for stress distribution in clinical situations 58) . In this study PMMA resin presented Tg at 96°C, while the Tg of nanocomposites increased significantly (mean difference from control: 19−21°C) at temperatures safely above those encountered in mouth (Figure 4(c) ). Materials which are characterized as being rigid and having a high crosslink density also tend to have higher glass transition temperatures 59, 60) . In the case of nanocomposites, the Tg of a polymeric matrix tends to increase with the addition of nanoparticles, due to the interactions between the polymer chains (carbonyl groups) and the nanoparticles (surface hydroxyl groups) and to the reduction of macromolecular chain mobility at the zone surrounding the nanoparticles 61) . This transition zone exhibits higher modulus and Tg, both of which are gradually reduced with increasing distance from the filler surface. An increase in cross-linking has been reported to explain the increased polymer composite strength resulting from ND addition 18) . Although it is claimed that a reinforcing effect can be anticipated by the use of nanodiamonds, the results of this in vitro study should be carefully considered, as significant variations are possible under intraoral conditions with saliva and its potential plasticizing effect on the materials. Furthermore a slight change in color which was more profound as the ND content increased above 0.38% wt constitutes a restricting factor for the use of these composites in the esthetic area. Lower volume fractions of ND nanoparticles might have resulted in more optimum and/or homogenous dispersion in the polymer matrix, leading to even better static and dynamic mechanical properties, without compromising esthetics, which is important even if these restorations are only intended for a short period of function.
CONCLUSIONS
The reinforcement of the tested PMMA dental resin resulted in a statistically significant increase of its impact strength but its fracture toughness was significantly improved only at the lowest ND concentration. A remarkable increase of the Tg was recorded in all PMMA-ND composite specimens. Under the limitations of this in vitro study it can be concluded that reinforcing PMMA with ND nanoparticlesespecially at low concentrations-may increase the overall performance of fixed interim prostheses.
